The Na ϩ /Ca 2ϩ exchanger is a major transporter of Ca 2ϩ in neurons and glial cells. The Na ϩ /Ca 2ϩ exchanger gene NCX1 expresses tissue-specific isoforms of the Na ϩ /Ca 2ϩ exchanger, and the isoforms have been examined here quantitatively using primary cultures of astrocytes and neurons. We present a PCR-based quantitative method, quantitative endlabeled reverse transcription-PCR (QERT-PCR), to determine the relative amounts of the NCX1 isoforms present in these cells. Six exons (A, B, C, D, E, and F) are alternatively spliced to produce the known NCX1 isoforms. Three exon B-containing isoforms (BDEF, BDF, and BD) are the predominant transcripts in primary rat cortical astrocytes and in C 6 glioma cells. In contrast, exon A-containing isoforms (ADF and AD) are the predominant transcripts in primary rat hippocampal neurons. Functional differences between full-length constructs of NCX1 containing either the astrocyte isoform BD or the neuron isoform AD were examined in a Xenopus oocyte expression system. Although both isoforms function normally, the activity of the AD isoform can be increased 39% by activation of protein kinase A (PKA), whereas that of the BD isoform is not affected. We conclude that specific NCX1 isoforms are expressed in distinct patterns in astrocytes and neurons. Furthermore, the activity of a neuronal (but not glial) isoform of the Na ϩ /Ca 2ϩ exchanger can be altered by the activation of the PKA pathway.
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The Na ϩ /C a 2ϩ exchanger plays a major role in regulating Ca 2ϩ homeostasis in neurons and astrocytes (Reuter, 1991; Takuma et al., 1996) . In neurons, the Na ϩ /C a 2ϩ exchanger extrudes Ca 2ϩ that enters after depolarization-activated or after glutamateactivated channel activity (White and Reynolds, 1995) . Similarly, in astrocytes, the Na ϩ /C a 2ϩ exchanger plays a central role in extruding C a 2ϩ from the cytosol after C a 2ϩ influx (e.g., activated by glutamate, noradrenaline, or ATP) (Golovina et al., 1996; Takuma et al., 1996) . Regulation of [C a 2ϩ ] i in both cell types is important and depends in part on Na ϩ /C a 2ϩ exchanger function influencing neurotransmission, memory encoding, gene expression, and neuroglial communication (Cornell-Bell et al., 1990; Finkbeiner, 1993; Nedergaard, 1994; Parpura et al., 1994; Porter and McC arthy, 1995) . These processes are also modulated by multiple protein kinases and the dynamics of cellular and subcellular C a 2ϩ signaling (Berridge, 1997) . Dipolo et al. (1997) provide strong evidence that a phosphorylation step can accelerate Na ϩ /C a 2ϩ exchanger transport, but the specific kinase and its function have remained controversial. Although Collins et al. (1992) did not observe any effect by PK A or PKC on Na ϩ /Ca 2ϩ exchanger f unction, report that PKC inhibits f unction. In contrast, Iwamoto (1996) found that PKC increases the activity of both the cloned and native Na ϩ /Ca 2ϩ exchanger. Our study investigates the multiple gene products of the Na ϩ /Ca 2ϩ exchanger gene (NCX1) present in astrocytes and neurons and examines the distribution of the Na ϩ /Ca 2ϩ exchanger isoforms. We also examine the action of PKA on specific isoforms of the Na ϩ /Ca 2ϩ exchanger using a Xenopus oocyte expression system. Three Na ϩ /Ca 2ϩ exchanger genes (NCX1, NCX2, and NCX3) have been found to be transcriptionally active in rat brain (Li et al., 1994; Nicoll et al., 1996) . Our work focuses on the mammalian NCX1 gene products present in most tissues. Each functional Na ϩ /Ca 2ϩ exchanger isoform consists of 11 transmembrane domains and a large intracellular loop that regulates the Na ϩ /Ca 2ϩ exchanger function. Although NCX1 isoforms have been shown to be generated by alternative splicing, no difference in the function of these isoforms has been demonstrated. Six exons (A, B, C, D, E, and F) were shown to exist in the gene and are responsible for producing the isoforms of NCX1 (Kofuji et al., 1994) . It is clear that not all tissues express the same NCX1 isoforms and that some tissues express multiple isoforms (Kofuji et al., 1992 (Kofuji et al., , 1993 Nakasaki et al., 1993; Lee et al., 1994; Quednau et al., 1997) . However, the relative contributions of different NCX1 isoforms and functional implications of different patterns of isoform expression in various cells have not been possible to examine until now.
In this study, we examine quantitatively the isoform expression in astrocytes and neurons using a PCR method, quantitative end-labeled reverse transcription-PCR or QERT-PCR. We show that astrocytes have a distinct and different pattern of isoform expression when compared with neurons. The astrocytes preferentially express exon B-containing isoforms, and neurons express exon A-containing isoforms. We also show that PKA activates the neuronal Na ϩ /Ca 2ϩ exchanger isoform AD but does not affect the astrocytic isoform BD. Parts of this paper have been published previously (He et al., 1997) .
MATERIALS AND METHODS
Cell culture. For astrocyte cultures, cerebral cortices of neonatal Sprague Dawley rats (Ͻ1-d-old) were mechanically dissociated, and cells were cultured in medium containing equal amounts of DM EM and F12 with 10% fetal bovine serum (FBS), penicillin (50 units/ml), and streptomycin (50 g /ml) at 37°C with 5% C O 2 (Booher and Sensenbrenner, 1972) . RNA was extracted from 8 -10 d cultures. At this time immunocytochemistry was used to determine that Ͼ95% of the cells were positive for the astrocyte protein glial fibrillary acidic protein (GFAP). C 6 glioma cells (American T ype Culture Collection, Rockville, MD) were cultured in DM EM supplemented with 10% FBS, penicillin, and streptomycin and were used for RNA extraction.
For neuron cultures, hippocampi from the brains of 19-d-old rat fetuses were isolated as described (Bambrick et al., 1995) . The cultures were maintained in M EM with B27 supplement. RNA was extracted after 4 d, at which time Ͼ90% of the cultured cells were stained by antineurofilament antibody (Sternberg Immunologicals).
R NA isolation and RT-PCR . Total RNA was isolated from primary astrocytes, C 6 glioma cells, and neuron cultures using the C sC l method (Sambrook et al., 1989) . To make cDNA, we used either oligo-dT or random hexamer primers (Boehringer Mannheim, Indianapolis, I N) with MMLV reverse transcriptase (Gibco BRL, Bethesda, MD). To amplif y NC X1 cDNA, the 5Ј primer was ACGGATCC TC TGCGATT-GC TTGTC TCGG [underlined sequence is complementary to NC X1 cDNA, nucleotides (nt) 1600 -1619], and the 3Ј primer was GTCG-GATCCAATGATCAC TTCCAGC TTG (nt 2187-2205), based on the rat cardiac NC X1 cDNA sequence (L ow et al., 1993) . The amplification primers for NC X2 cDNA were 5Ј-C TGCGTGTGGGCGATGC TCAG (nt 1453-1473) and 3Ј-GACC TCGAGGCGACAGTTC TC (nt 1963-1983) (Li et al., 1994) . The amplification was performed in a Biosycler PCR machine (Bios Corporation) as follows: initial denaturation at 94°C for 3 min, addition of Taq polymerase (Gibco BRL) followed by 30 cycles of 1 min at 65°C, 1 min at 72°C, and 45 sec at 94°C, and final elongation for 10 min at 72°C.
Ribonuclease protection assay. Total RNA was isolated from primary astrocytes. A multiprobe ribonuclease protection assay was used to study the relative amount of NC X1 and NC X2 mRNA in primary astrocytes. For the NC X1 probe, a pair of oligonucleotides (5Ј, nt 460 -479, sense; and 3Ј, nt 747-765, antisense) (L ow et al., 1993) was used in RT-PCR to obtain a 306 bp fragment of NC X1. This fragment was cloned into the TA vector (Invitrogen, San Diego, CA) and sequenced. For the NC X2 probe, the 531 bp fragment (nt 1453-1983) of NC X2 (Li et al., 1994) in the TA cloning vector was used. After the plasmid DNAs were linearized, antisense RNA probes for NC X1 and NC X2 were labeled with [␥- 32 P]UTP (Amersham, Arlington Heights, IL) using SP6 RNA polymerase. The RNA probes were purified by PAGE, and 2 ϫ 10 5 cpm of each probe was used to hybridize with 20 g of total astrocyte RNA. After hybridization, RNase A / T 1 (RPA-II; Ambion) was used to digest the unhybridized RNA probe. NC X1-and NC X2-protected fragments were resolved using 5% polyacrylamide denaturing gels, and the intensity of the protected fragments was analyzed using ImageQuant software version 3.3 (Molecular Dynamics, Sunny vale, CA).
Cloning, oligonucleotide hybridization, and DNA sequencing. PCR products from astrocyte cDNA were separated, gel purified using GlassPac QuicK it (Marsh), and cloned into TA cloning vector following the manufacturer's protocol (Invitrogen). For oligonucleotide hybridization, the inserts were excised with BamHI. After the DNA was separated by agarose gel electrophoresis, DNA was transferred to nylon membranes (MSI, Westboro, M A), and the samples were prehybridized in 6ϫ SSC, 5ϫ Denhardt's solution, 0.05% sodium pyrophosphate, 0.5% SDS, and 1 mM EDTA, pH 8.0. [␥-
32 P]ATP-(Amersham) labeled oligonucleotides were used as hybridization probes at temperatures based on the T m of exon-specific oligonucleotide probes. The sequences used for the oligonucleotide hybridization were based on the exon organization described in rabbit genomic sequence (Kof uji et al., 1994) and on published cDNA sequences [A, C, D, and F in rat heart (L ow et al., 1993) and B in rabbit kidney (Kof uji et al., 1994) ]. The probe for exon E (GAAAAAAGAT-GTATG) was derived from the published sequence for the rat cDNA (Nakasaki et al., 1993) . Membranes were washed using 6ϫ saline-sodium phosphate-EDTA buffer and were autoradiographed at Ϫ80°C with intensif ying screens. Representative isoforms containing different exon combinations of NC X1 were also sequenced by the dideoxynucleotide termination method (Sanger et al., 1977) with the Sequenase 2.0 kit (USB). A similar cloning and sequencing strategy was used in characterizing a 531 bp fragment of NC X2. (L ow et al., 1993) , were designed for QERT-PCR. These oligonucleotides permit amplification of the alternatively spliced region for all NC X1 isoforms. The 3Ј oligonucleotide was end labeled by [␥- 32 P]ATP. The radioactive QERT-PCR was performed under similar conditions as described above using an annealing temperature of 59°C. After specific cycle numbers (cycle 20 and 23), samples were removed, denatured for 5 min, and loaded on a 5% polyacrylamide sequencing gel. After electrophoresis, the dried gels were analyzed using the phosphoimager.
We demonstrated by mixing different ratios of amplifiable material that the size of the amplified product (from 191 to 275 bp) did not affect the amount of PCR products (data not shown). We also observed that the amount of PCR product routinely differed by Ͻ3% from that expected to be found in the admixing experiments.
Construction of rat f ull-length NCX1 isoforms. The f ull-length rat cardiac NC X1 cDNA was subcloned into pSD64TF (Krieg and Melton, 1984) , a vector designed to increase the stability of RNA used in oocyte expression. To replace the alternatively spliced region of this cDNA, we subcloned PCR products containing the sequence of different isoforms into an NC X1 cassette. The unique restriction sites AflII (nt 1051) and Bsp120L (nt 2872) that flank the alternatively spliced region present in the NC X1 cassette were used to engineer the f ull-length NC X1 into pSD64TF, containing different alternatively spliced regions.
PK A regulation of NCX1 isoforms e xpressed in Xenopus ooc ytes. Complementary RNA was prepared from the 2909 bp f ull-length rat NC X1 cDNA using the mMessage mMachine kit (Ambion) from clones containing either AD or BD isoforms of rat NC X1. Oocytes were harvested by surgery and isolated using collagenase (Goldin, 1992) . The oocytes were maintained in modified L15 media at 16°C (Goldin, 1992) . cRNA was injected into stage V and V I oocytes using a Drummond microinjector. T wo days after injection, Na ϩ -dependent 45 Ca 2ϩ influx was measured at 32°C. The oocytes were preincubated for 30 min in 90 mM Na ϩ solution containing 0.5 mM ouabain (90 mM NaC l, 30 M CaCl 2 , 250 M MgC l 2 , and 5 mM H EPES, pH 7.5), and ouabain was present in all subsequent solutions. The solution was changed to either 0 Na ϩ (90 mM KC l replaces NaC l in 90 mM Na ϩ solution) or 90 mM Na ϩ solution, both containing 10 C i /ml 45 CaCl 2 . After a 20 min incubation, the oocytes were washed, and radioactivity was counted in individual oocytes. To block Na ϩ /C a 2ϩ exchanger activity, we added 5 mM Ni 2ϩ to the 0 Na ϩ solution. To activate PK A, we added a cAM P-dependent protein kinase-activating cocktail (10 M forskolin, 100 M N 6 ,2Ј-Odibutyryl cAMP, and 100 M 1-methyl-3-isobutylxanthine; Sigma, St. L ouis, MO) to the 90 mM Na ϩ preincubating solution (Kuzhikandathil and Molloy, 1994) . For PK A inhibition, the oocytes were preincubated in 90 mM Na ϩ solution containing 1 M K T5720 (LC Laboratories) (Kamei et al., 1992) for 2 hr before the oocytes were switched to PK A-activating cocktail. The results were calculated as mean Ϯ SEM, and Student's unpaired t test was used to analyze the significance of the difference between means.
Phosphor ylation of glutathione transferase f usion proteins. The entire intracellular loop of NC X1 containing either the AD or the BD alternatively spliced region was engineered into pGEX-4T-1 vector (Pharmacia, Piscataway, NJ) using PCR. Bacteria expressing these f usion proteins were cultured, and protein was prepared as described by the manufacturer (Pharmacia). When cleavage of the protein from glutathione transferase (GST) was required, it was performed in PBS containing 0.2 g/l thrombin for 4 hr at room temperature. The cleaved protein preparation (15 g) was incubated with 15 units of the catalytic subunit of protein kinase A (Sigma) and ␥-32 P-labeled ATP. Proteins were analyzed using an 8% SDS-PAGE gel. Proteins were stained with Coomassie blue, or the gel was exposed for autoradiography.
RESULTS

NCX1 and NCX2 in cultured rat primary astrocytes
It had been reported previously that both NCX1 and NCX2 could be found transcribed in rat brain tissues (Li et al., 1994) ; however we could amplify the NCX2 fragment only from primary astrocytes but not from neuronal cultures at 35 cycles of RT-PCR amplification (data not shown). We used RNase protection to determine the relative amounts of mRNA for NCX1 and NCX2 in primary astrocytes. The RNase protection probe used for NCX1 contained a 306 bp region that is present in all NCX1 mRNAs, and the NC X2 probe is a 531 bp fragment (Li et al., 1994) . [␥- 32 P]UTP-labeled antisense RNA probes for both NCX1 and NC X2 were synthesized, and an equal number of counts for both probes was hybridized to total astrocyte RNA. Only the sequences from mRNA that were identical to the probe would be protected from RNase digestion. In Figure 1 , lanes 1 and 3 contain the protected fragments for NC X2 and NC X1, respectively, showing that both NC X genes were transcribed in rat astrocytes. Lane 4 (Fig. 1) contains the protected fragments using a mixture of the two probes. Comparison of the intensity for the two protected fragments shows a Ͼ20-fold excess of NCX1 over NCX2 message in the rat astrocytes.
Na
؉ /Ca 2؉ exchanger NCX1 isoforms in primary astrocytes
To determine which isoforms of the Na ϩ /C a 2ϩ exchanger NCX1 are present in astrocyte cultures, we made cDNA from total RNA. Based on the published rat Na ϩ /C a 2ϩ exchanger sequence (Low et al., 1993), we synthesized oligonucleotides flanking the region that displays alternative splicing for PCR amplification (Kofuji et al., 1993 (Kofuji et al., , 1994 . The PCR products consisted of multiple bands when visualized in an agarose gel (Fig. 2, lane 2) . These products were subcloned, and colonies that hybridized to an internal oligonucleotide from the conserved 5Ј region of the amplified product were studied f urther. Plasmid DNA from these clones was separated on an agarose gel, transferred, and hybridized with a series of oligonucleotides that identified the rat exon regions. Figure 2 , lanes 3-6, shows four different hybridization patterns that were observed from astrocytes (BD, BDE, BDF, and BDEF). All astrocyte clones contained the mutually exclusive exon B but not exon A, and all contained exon D. These clones were sequenced and found to be in agreement with the deduced exon pattern suggested by the hybridization presented in Figure  2 . The sequence of rat exon B was found to be identical to the sequence published for the homologous exon in rabbit (Kofuji et al., 1994) .
Quantitation of NCX1 isoforms in astrocytes
We developed a PCR-based strategy to analyze the relative amounts of the different isoforms present in RNA rapidly. This quantitative end-labeled RT-PCR method called QERT-PCR uses an end-labeled oligonucleotide and standard reversetranscribed PCR. This technique uses oligonucleotide primers from the conserved regions that are identical in all isoforms. To facilitate quantitation, we end label one of the primers with ␥-32 P. When the PCR products were separated on a sequencing gel, the size permits identification of the composition of exons in the isoform, and the band intensity reflects the relative amount of 32 P]UTP-labeled NC X1 and NC X2 RNA probes were synthesized, and 2 ϫ 10 5 cpm of the probes was used to hybridize with 20 g of total astrocyte RNA (lanes 1, 3, 4 ) . T wenty micrograms of yeast RNA were used as a negative control in lane 2. After hybridization, the unprotected RNA was digested by RNase A and T 1 . The protected fragments were denatured and separated in 5% polyacrylamide gels. The probes used were: lane 1, NC X2 probe; lane 3, NC X1 probe; and lanes 2, 4, both NCX1 and NCX2 probes. C learly, NC X1 message predominates in astrocyte cultures. that isoform. This approach requires only a small amount of cDNA and a limited number of amplification cycles to identify products. Preliminary experiments that included mixing various ratios of plasmid DNA from different astrocyte clones (Fig. 1) had shown that the amounts of products correlated with the relative amounts of DNA used in the amplification and there was no bias in amplification based on the size of the products (191-275 bp; data not shown). Figure 3A presents the results for different numbers of amplification cycles when astrocyte RNA was used to produce cDNA. Three predominant bands of near equal intensity (Fig. 3A, lanes  1, 2) were observed and corresponded with the size of BDEF, BDF, and BD isoforms. When the bands for 23 cycles of amplification (lane 2) were quantitated using the phosphoimager, three predominant isoforms, each representing 23% of the total labeled product, were noted (Fig. 3B) . Similar results were obtained when another group of neonatal rats was used to culture astrocytes and the amplification was repeated (Fig. 3B, Prep 1, Prep 2) . These results demonstrated that three predominant isoforms of equal amounts constitute most of the NC X1 message in cultured primary astrocytes.
Quantitation of NCX1 isoforms in the C 6 glioma cell line
The results presented in Figure 3 may reflect the expression of different NC X1 isoforms by the subtypes of astrocytes in the culture. We compared the NC X1 isoform analysis from cultured astrocytes with the C 6 glioma cell line. The rat C 6 glioma cells have many of the same characteristics that the primary astrocytes have and have been used as a model glial cell in a number of studies (Bissell et al., 1974; Kumar et al., 1986) . To characterize the NCX1 isoforms in C 6 cells, we prepared RNA from different passages of the cells and reverse transcribed this RNA for QERT-PCR analysis. Figure 4 A shows that different C 6 cultures (P1, P10, and P20) display the same predominant isoforms observed for the primary astrocytes. When the intensity of the NCX1 isoforms in C 6 cells was quantitated (Fig. 4 B) , the percentages for the predominant isoforms BDEF, BDF, and BD were 12.8 Ϯ 0.1, 26.4 Ϯ 0.3, and 48.2 Ϯ 0.6%, respectively. These three predominant isoforms in C 6 cells account for Ͼ87% of the total signal intensity in the lane. The percentages of the predominant isoforms in C 6 cells differed in the amounts when compared with primary astrocytes but were constant across different passage numbers of the cell line. The expression of multiple isoforms in the C 6 cell cultures strongly suggests that individual cells can express more than one NCX1 isoform.
NCX1 isoforms in primary neuronal cultures
To investigate whether different brain cell types use specific NCX1 isoforms, we performed QERT-PCR on rat primary hippocampal neurons. Figure 5A shows the products of the QERT-PCR for the neuronal cells (lanes 2, 4 ). There were two predominant isoforms present in neurons, and they differed from those in the astrocytes (lanes 1, 3) . The size and sequence analysis demonstrated that the two predominant isoforms present in neuronal cell cultures were ADF and AD, with 57.6 Ϯ 0.5 and 37.5 Ϯ 0.9%, respectively (Fig. 5B) . Other minor bands accounted for Ͻ5% of the total signal intensity in the lane after 23 cycles. Therefore, the major isoforms for the astrocytes and neurons were different, with Figure 3 . Analysis and quantitation of major NC X1 isoforms in primary astrocytes using QERT-PCR. A, Astrocyte cDNA was amplified by a pair of oligonucleotides flanking the 5Ј and 3Ј ends of the alternatively spliced region (one oligonucleotide was ␥-32 P-end-labeled). The same volumes of QERT-PCR products at different cycle numbers (cycle 20 and 23) were loaded on a 5% sequencing gel and separated (lanes 1, 2, respectively). Lane 3 is the PCR product from a 1:1:1:1 mixture of plasmid DNA of four representative astrocyte clones, as indicated on the right. B, Signal intensity of each band at cycle 23 of the QERT-PCR in A was analyzed by area integration using the phosphoimager. Relative amounts of the three predominant NCX1 isoforms were plotted as a percentage of the total signal intensity. T wo independent astrocyte cultures were studied (Prep 1, Prep 2). Values are mean Ϯ SEM from duplicate experiments from the two independent preparations (n ϭ 2). Three predominate isoforms of NC X1, each representing 23% of the exchanger transcripts, are seen in astrocyte cultures. the astrocytes using exon B-containing isoforms and the neurons using exon A-containing isoforms.
Functions of NCX1 isoforms of astrocyte and neuron are differently regulated by PKA
The differential expression of B exon-containing isoforms in astrocytes and A exon-containing isoforms in neurons suggests that specific isoforms may f unction differently. To determine whether there is any f unctional difference between the A and B exon-containing isoforms, we cloned the f ull-length rat Na ϩ / Ca 2ϩ exchanger isoforms for two predominant isoforms containing exons BD (astrocytes) and AD (neurons) into the pSD64TF vector. These two clones only differ in the exons in the alternatively spliced region and were used to produce cRNA for injection into Xenopus oocytes. After 2 d, the oocytes were studied using Na ϩ -dependent 45 Ca 2ϩ influx . Figure 6 A shows little C a 2ϩ influx with 90 mM [Na ϩ ] o . However, in the presence of 0 [Na ϩ ] o , the C a 2ϩ influx was high for the AD isoform (269.7 Ϯ 16.2 pmole/20 min /oocyte). The C a 2ϩ entry by the Na ϩ /C a 2ϩ exchanger was abolished when 5 mM NiCl 2 was included in the 0 [Na ϩ ] o solution. When activators of protein kinase A (10 M forskolin, 100 M db-cAM P, and 100 M IBMX) were added during preincubation, C a 2ϩ influx mediated by the neuron AD isoform in the absence of Na ϩ increased to 372.9 Ϯ 6.6 pmole/20 min /oocyte (a 39% increase). To ensure that the increase for AD isoform was a specific effect caused by activation of the PK A pathway, we preincubated 1 M K T5720, a PKA inhibitor, with oocytes for 2 hr before PK A activation. Figure 6 A demonstrates that PK A activation no longer enhanced Ca 2ϩ influx in the AD isoform after treatment with the PK A inhibitor (276.9 Ϯ 7.9 pmole/20 min /oocyte). Water-injected oocytes did not display any significant C a 2ϩ influx (data not shown).
Oocytes expressing the BD isoform displayed a Na ϩ -dependent Ca 2ϩ influx (289.6 Ϯ 16.2 pmole/20 min/oocyte) in the presence of 0 [Na ϩ ] o (Fig. 6 B) . The Ca 2ϩ influx observed for the BD isoform was inhibited when Ni 2ϩ was applied. Interestingly, the Ca 2ϩ influx did not increase above what was observed in 0 [Na] o (298.2 Ϯ 4.4 pmole/20 min/oocyte) after pretreatment with activators of the PKA pathway. This is in contrast to what was observed for the AD isoform. Therefore, a neuronal NCX1 isoform AD could be upregulated by PKA activation, and the upregulation was specifically blocked by a PKA inhibitor, whereas the astrocyte isoform BD was not modulated by PKA. These experiments demonstrate that PKA regulation depends on the presence of a specific sequence in the alternatively spliced region of the NCX1 protein.
Phosphorylation of fusion proteins containing the intracellular loop of the NCX1-expressing isoform AD or BD
To determine whether the intracellular loop of the NCX1 protein is directly phosphorylated, we prepared GST fusion proteins containing the entire intracellular loop with either isoform AD or BD. Figure 7A demonstrates the expression of these fusion proteins at their predicted molecular weights. Although the GST protein itself was not phosphorylated using the in vitro system, a GST fusion with Grb-2 (a gift of Dr. T. Gustafston) is easily detected after phosphorylation (Fig. 7B) . However, there is no detectable labeling of the GST fusion protein with either isoform of NCX1. This suggests that the intracellular loop does not contain a PKA phosphorylation site that can be identified by the active subunit of PKA. 
DISCUSSION
Preferential distribution of NCX1 isoforms
Three exon B-containing isoforms (BDEF, BDF, and BD) are the major mRNA transcripts of the NC X1 gene both in primary astrocytes and in C 6 glioma cells, whereas two exon A-containing isoforms (ADF and AD) are predominant in neurons. We have demonstrated previously that rabbit kidney and cardiac cells express different NC X1 isoforms (Kof uji et al., 1993) that are produced by alternative splicing of a single NC X1 gene (Kofuji et al., 1994) . Six exons (A, B, C, D, E, and F) code for a small region in the C terminal of the large intracellular loop of the protein. Our proposal that the exon A and exon B are expressed in a mutually exclusive manner (Kof uji et al., 1994) is consistent with our results presented here. Although several laboratories have described the tissue-specific nature of the isoform pattern in various tissues (Kof uji et al., 1993 (Kof uji et al., , 1994 Nakasaki et al., 1993; Lee et al., 1994; Quednau et al., 1997) , this is the first report to describe identification and quantitation of the NC X1 isoforms in different cells from brain.
In addition to the alternative splicing in the intracellular loop, others have reported splicing in other regions of the NCX1 gene. Although sequence variation in the 5Ј-untranslated region of NCX1 has been shown to be related to promotor specificity (Barnes et al., 1997) , these differences are not reflected in the mature protein. Splicing variants of NC X1 that lack portions of the C -terminal transmembrane segments have been detected in frog. Although these truncated transcripts have been shown to be functional (Gabellini et al., 1996) , the relative contribution of these transcripts in vivo is not known. In contrast, alternative splicing in the intracellular loop region is responsible for producing different mature NCX1 proteins whose function may be regulated differently as shown in this report.
QERT-PCR
Understanding the functional significance of different cell typespecific patterns of NCX1 isoform expression requires determining which isoforms are present and the relative contributions of each isoform. To quantitate the levels of various isoforms of NCX1 in cells, we developed QERT-PCR that has several advantages over cloning methods and other quantitative PCR methods (Wang et al., 1989) . First, using an end-labeled oligonucleotide in QERT-PCR requires fewer PCR amplification cycles to identify PCR products and minimizes potential artifacts. Second, QERT-PCR products can easily be quantitated because they are labeled to the same extent. Third, separation of the QERT-PCR products on a sequencing gel increases resolution, and in our case, individual isoform type can be identified based on its size. Fourth, analysis of the band intensity of QERT-PCR products using the phosphoimager is rapid and reproducible. Thus, QERT-PCR analysis randomly samples large numbers of the cDNAs made from transcripts and is similar to random cloning procedures.
Quantitation of isoforms using QERT-PCR
In the analysis of primary astrocytes using QERT-PCR, only three bands (BDEF, BDF, and BD) could be visualized in the gel at low cycle numbers (Fig. 3A, lane 1) , and these are the predominant bands. One interpretation is that there are subpopulations of astrocytes, each expressing one predominant isoform. However, the findings that two independent astrocyte cultures gave identical results, three predominant isoforms in equivalent amounts, and that a similar pattern of three predominant iso- Figure 5 . Analysis and quantitation of major NC X1 isoforms in rat hippocampal neurons. A, cDNA of hippocampal neurons was amplified by QERT-PCR. The PCR products from primary neuronal cultures (lanes 2, 4 ) and from astrocyte cultures (lanes 1, 3) at different PCR cycle numbers (lanes 1, 2, cycle 20; lanes 3, 4, cycle 23) were separated using a 5% sequencing gel. B, Signal intensities of NC X1 isoforms from neuron cultures in A at cycle 23 were analyzed, and relative amounts of the two predominant isoforms were plotted as the percentage of total signal intensity. Values are mean Ϯ SEM from duplicate samples from two independent experiments (n ϭ 2). T wo predominate isoforms of NC X1, which differ from those observed in astrocytes, are seen in cultured neurons.
forms was observed in the C 6 glioma cell line suggest that the NCX1 isoforms BDEF, BDF, and BD are coexpressed in individual astrocytes. In C 6 glioma cells, the relative amount of the three isoforms did not change when different passages of the cultured cells were studied, eliminating experimental variability or the influence of passage in the culturing process. Although C 6 cells expressed the same pattern of isoforms as did the primary astrocytes, they showed different percentages of these isoforms that may reflect the consequence of prolonged culturing and/or the transforming event. In analyzing neuronal NC X1 isoforms, we found that the exon A-containing isoforms ADF and AD are the major isoforms expressed, in agreement with cloning data from brain tissue (Lee et al., 1994) . The results for the short-term neuronal cell culture show that different percentages of the predominant isoforms ADF and AD are present. Each neuronal cell may express both isoforms, or there might be subsets of hippocampal neurons containing different NC X1 isoforms.
In astrocytes, at 23 cycles of amplification (Fig. 3A, lane 2) , additional bands could be detected. These less intense bands correspond to other minor NC X1 isoforms based on their size, and they are present at a 5-20-fold reduced level when compared with the predominant isoforms of NC X1. The minor bands observed in higher amplification cycles could come either from the very low levels of expression by the major cell type (astrocytes) or from contaminating cells present in the culture (oligodendrocytes or microglia). Reduced amounts of the minor isoforms were also observed at higher amplification cycles in the analysis of neurons (Fig. 5A) .
Role of phosphorylation on the Na
To study the functional significance of the different patterns of NCX1 isoform expression in astrocytes and neurons, previous work on the Na ϩ /Ca 2ϩ exchanger and other transport proteins has provided insight. For example, in class A brain Ca 2ϩ channels, non-L-type channels present in brain cells, alternative splicing produces multiple isoforms of subunit ␣ 1A that are differently regulated by second messenger-activated protein kinases (Sakurai et al., 1995) . The IP 3 receptor is known to undergo alternative splicing to alter the preferred sites for PKA phosphorylation in a tissue-specific manner, and the PKA phosphorylation could result in differential regulation of the receptors (Schell et al., 1993) . The PKA pathway is present in both astrocytes (Bender et al., 1994) and neurons (Pedarzani and Storm, 1995) and has been reported to increase Na ϩ /Ca 2ϩ exchanger activity in some systems (Caroni and Carafoli, 1983; DiPolo et al., 1997) . Because the alternatively spliced A and B exons are in the intracellular loop and Figure 6 . PK A activation increases Ca 2ϩ uptake in oocytes expressing the neuron NC X1 isoform but not an astrocyte isoform. A, 45 Ca 2ϩ uptake was measured in Xenopus oocytes injected with cRNA of neuronal isoform AD. Oocytes were exposed to 90 mM NaCl or 90 mM KCl (0 Na); 5 mM NiCl 2 was used to block the exchanger. Ca 2ϩ uptake in 0 Na ϩ solution was significantly higher than that in 90 mM Na ϩ solution ( p Ͻ 0.001) and was blocked by Ni 2ϩ . After PKA activation (described in Materials and Methods), Ca 2ϩ uptake was significantly higher than that in 0 Na ϩ only ( p Ͻ 0.001), and this upregulation was blocked by K T5720 ( p Ͻ 0.001). B, 45 Ca 2ϩ uptake was measured in Xenopus oocytes injected with cRNA of astrocyte isoform BD. C a 2ϩ uptake in 0 Na ϩ was significantly higher than that in 90 mM Na ϩ ( p Ͻ 0.001) and was blocked by Ni 2ϩ . But in contrast, activation by PK A did not increase the C a 2ϩ uptake in 0 Na ϩ . Values are mean Ϯ SEM (n ϭ 10 -25 oocytes). An A exon-containing isoform (AD) found in neurons is upregulated after activation of the PK A pathway, whereas isoform BD, found in astrocytes, is not.
are possibly accessible for kinase action, we asked whether there was a f unctional difference in the effects of phosphorylation on A and B exon-expressing NC X1 isoforms. Because we have shown that multiple isoforms are present in individual cells, we expressed a single NC X1 isoform in the Xenopus oocyte expression system to study selectively the effects of single exon differences in PKA regulation of Na ϩ /C a 2ϩ exchanger f unction. When fulllength NC X1 isoforms containing exons AD or BD were expressed in oocytes, AD isoform activity was upregulated on PKA activation, but BD was not. Therefore expression of the A versus B exon may determine the PK A regulation of Na ϩ /Ca 2ϩ exchanger f unction.
Protein phosphorylation by PK A is a common step in the signal transduction pathway of many neurotransmitters (e.g., norepinephrine, serotonin, histamine, and dopamine) (Haas, 1985; Madison and Nicoll, 1986; Pedarzani and Storm, 1993; Torres et al., 1995) . In our present study, the activity of the Na ϩ /Ca 2ϩ exchanger containing exons AD, one of the predominant isoforms in hippocampal neurons, is enhanced by activation of the PKA pathway. The increase in cAM P in response to neurotransmitters may lead to phosphorylation of the Na ϩ /C a 2ϩ exchanger that then reduces the [C a 2ϩ ] i and can then modulate Ca 2ϩ -dependent processes. The PKA insensitivity of the BD isoform may allow neurotransmitters to modulate selectively the activity of the Na ϩ /Ca 2ϩ exchanger in neurons by enhancing cAMPdependent protein kinase pathways without affecting the function of the Na ϩ /Ca 2ϩ exchanger in adjacent astrocytes. This is important because many of the receptors for these neurotransmitters are found both in astrocytes and neurons (White and Reynolds, 1995; Takuma et al., 1996) . Changing the activity of the Na ϩ /Ca 2ϩ exchanger will alter the magnitude and duration of subsequent Ca 2ϩ transients and may be an important pathway for regulating responses. The present study shows that this regulation will be dependent on a cell-specific pattern of the Na ϩ /Ca 2ϩ exchanger isoform expression. Our demonstration that different NCX1 isoforms have different responses to kinase may explain reports in which the effect of phosphorylation on the Na ϩ /Ca 2ϩ exchanger function seems to depend on cell type as well as on experimental conditions. The different responses to various kinases observed in diverse tissues could mainly be caused by the type of isoform of the Na ϩ /Ca 2ϩ exchanger being expressed. In cardiac myocytes that express an A-containing isoform of NCX1 (Kofuji et al., 1993; Li et al., 1994; Quednau et al., 1997 ; this report), both PKA and PKC increase the activity of the Na ϩ /Ca 2ϩ exchanger (Caroni and Carafoli, 1983; Iwamoto et al., 1996) , whereas in neuronal cells, only PKA enhances the activity of the exchanger by phosphorylation (Dipolo et al., 1997) . The smooth muscle cells and kidney epithelial cells have the exon B-containing isoform of NCX1, as opposed to the cardiac and neuronal cells with exon A-containing isoforms of NCX1. Interestingly, the PKC increased smooth muscle Na ϩ / Ca 2ϩ exchanger activity in the short-term, whereas long-time exposure to PKC reduced the activity of the exchanger Iwamoto et al., 1996) ; in renal epithelial cells, the PKC downregulates the Na ϩ /Ca 2ϩ exchanger . Thus, the effect of phosphorylation may depend on the specific NCX1-specific isoform in each cell. The present report has demonstrated that one of the neuronal isoforms but not the astrocytic isoform of NCX1 was affected by PKA activation. We also demonstrate that the entire intracellular loop does not contain a site that can be identified by the active subunit of PKA using GST fusion constructs. These results do not eliminate the possibility that (1) another portion of the Na ϩ /Ca 2ϩ exchanger is phosphorylated, (2) other molecules that regulate Na ϩ /Ca 2ϩ exchanger function are affected by PKA activation, or (3) the assay system used was not sensitive enough to identify the phosphorylation site(s). Further studies of other isoforms with single exon differences, combined with measurement of the relative contribution of each isoform to the Na ϩ /Ca 2ϩ exchanger population in the cell, will enable us to build a picture of the phosphorylation regulating the Na ϩ /Ca 2ϩ exchanger in specific cells. In conclusion we have demonstrated that the NCX1 message is present in a greater concentration than is the NCX2 message in both astrocytes and neurons using RNase protection and PCR methods. Different patterns of NCX1 isoform expression in astrocytes and neurons were identified by cloning and quantitated using our novel end-labeled RT-PCR technique QERT-PCR. Differential regulation of the Na ϩ /Ca 2ϩ exchanger isoforms from astrocytes and neurons by PKA activation has been demonstrated. Such a regulatory difference between NCX1 isoforms may permit cells to respond differentially to external factors like neurotransmitters. . The f usion proteins were purified by affinity chromatography and subjected to SDS-PAGE. Proteins were stained with Coomassie blue, and their apparent molecular sizes were calculated based on migration relative to standards shown in lane M. B, Autoradiogram of GST fusion proteins phosphorylated with the catalytic subunit of PK A using [␥- 32 P]ATP is shown. The labeled proteins were cleaved with thrombin and separated using SDS-PAGE, with the marker sizes represented on the right. Lane designation is the same as that described in A. Only the positive control f usion protein GST-Grb2 is phosphorylated.
